An inductively coupled plasma mass spectrometer (ICP-MS) was used as an ion chromatographic detector for the speciation of iodine and bromine. Gradient elution using NH4NO3 at pH 10 allowed the chromatographic separation of ionic iodine (I − and IO3 − ) and bromine (Br − and BrO3 − ) species in less than 8 min. Effluents from the ion-exchange column were delivered to the nebulization system of ICP-MS for the determination of I and Br. The potentially interfering 38 Ar 40 ArH + and 40 Ar 40 ArH + at the bromine masses m/z 79 and 81 were significantly reduced in intensity (by approximately two orders of magnitude) by using 0.6 mL min −1 O2 as a reactive cell gas in the dynamic reaction cell (DRC). Moreover, the signal-to-background ratio at iodine mass m/z 127 increased significantly when O2 was used as the reaction gas. The detection limits were in the range of 0.001 -0.002 and 0.03 -0.04 ng mL −1 for various I and Br compounds, respectively, based on the peak height. The relative standard deviation of the peak areas for five injections of a 2 ng mL −1 I − , IO3 − and 20 ng mL −1 Br − , BrO3 − mixture was in the range of 3 -4%. The concentrations of I and Br compounds have been determined in selected water and urine samples. The spike recoveries were in the range of 94 -102% for all of the determinations. This method has also been applied to determine various I and Br compounds in an NIST RM 8435 whole-milk powder reference material and a seaweed sample obtained locally. A microwave-assisted extraction method was used to extract these compounds, which were quantitatively leached with a 10% mass/volume (m/v) tetramethylammonium hydroxide (TMAH) solution in a focused microwave field within a period of 6 min. The major components of I and Br in milk powder and seaweed were I − and Br − .
Introduction
Iodine is an essential element for animals and human beings. It is used to synthesize thyroid hormone, the lack of which causes poor mental and physical growth in children, and causes goiter in adults. 1 In order to prevent iodine-deficiency disorders, the supplementation of food stuff with iodine is commonly practiced. Milk is a source of iodine supplement. Iodine is present in large concentrations in seawater; some types of seaweeds that accumulate large quantities of iodine from the sea are yet another source of iodine. 2 However, an excess intake of iodine causes problems associated with the brain and the nervous system. Like other elements, iodine toxicity is species dependent, iodide and iodate being less toxic compared to iodine and organically bound iodine. Hence, the determination of iodine species present in food supplements, like milk and seaweed, is an important pursuit. Bromine is used to make many pharmaceuticals. However it is believed to be a carcinogen, and to have great influence on human health. 3 Bromate, which is an oxidation product of bromide, is classified as a probable human carcinogen by the International Agency for Research on Cancer. 4, 5 Hence, it is necessary to determine bromate instead of total bromine in environmental samples.
The determination of iodine and bromine in environmental and biological samples is difficult, mainly because of their low concentrations therein. It is important to have highly sensitive analytical methods available for their determination. Several methods of ion chromatography (IC), liquid chromatography (LC), size-exclusion chromatography (SEC) and capillary electrophoresis (CE) coupled with different detection methods for iodine and bromine speciation have appeared, including UV detection, 2, 6, 7 inductively coupled plasma optical emission spectrometry (ICP-OES), 8, 9 and inductively coupled plasma mass spectrometry (ICP-MS). 2, [9] [10] [11] [12] [13] [14] [15] [16] However, all four species, namely Br − , BrO3 − , I − and IO3 − , have not been reported using a single procedure.
Hence, a simple procedure for the determination of all four species with better detection limits capable of determining these species in real samples is desirable.
The inductively coupled plasma mass spectrometer (ICP-MS) is a trace-element detector with unique analytical capabilities. In this study, an ICP-MS was employed as an ion chromatography detector for I and Br speciation. It is based on the coupling of IC with the on-line selective detection of I and Br by ICP-MS. The eluates are directly introduced into ICP-MS for detection at m/z 79 and 127. 17, 18 to our knowledge there is no LC-DRC-ICP-MS application for Br and I speciation analysis that has been reported.
Results obtained for the determination of I and Br compounds by IC-DRC-ICP-MS with conventional pneumatic nebulization sample introduction are presented in this paper.
The optimization of the IC-DRC-ICP-MS technique and its analytical feasibilities, and also its applications to the determination of I and Br compounds in tap water, urine samples, a milk powder reference material and a seaweed sample, are described. A simple and rapid microwave-assisted extraction procedure for the extraction of I and Br compounds in milk powder and seaweed samples is also described.
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Experimental
IC-ICP-MS system
Two HPLC pumps (Hitachi, Model L-6000 & L-6200), an injector (Rheodyne 7255i) and an ion-exchange column (Hamilton PRP-X100, 10 μm diam. particles, 4.1 mm i.d. × 150 mm length) comprised the IC system. Samples were loaded with a syringe onto a 200 μL sample loop. An ELAN 6100 DRC ICP-MS (Perkin-Elmer SCIEX, Concord, ON, Canada) was used for detection. The eluates and samples were introduced into ICP-MS by a pneumatic nebulizer with a Scotttype spray chamber. The peak areas and peak heights were measured by a Totalchrom Workstation (Perkin-Elmer). The experimental conditions of the IC-ICP-MS system are listed in Table 1 . The sensitivity and background of elements of interest could vary slightly with time.
Reagent and sample preparation
Analytical reagent-grade chemicals were used without further purification. Ammonium nitrate, KIO3, KI, KBrO3, KBr, HNO3, NaOH and ammonia solution were obtained from Merck (Darmstadt, Germany). Tetramethylammonium hydroxide (TMAH) was procured from Aldrich (Milwaukee, WI, USA). Stock solutions (1000 μg mL −1 ) of I − , IO3 − , Br − and BrO3 − were prepared by dissolving KI, KIO3, KBr and KBrO3 in pure water. These standards solutions were mixed and diluted in mobilephase solutions for these experiments. To prepare the solutions to be used as a mobile phase, a suitable amount of NH4NO3 was dissolved in pure water to the desired concentration. The pH of the mobile phase was adjusted to 10.
The applicability of the method to real samples was tested by the analysis of tap water and two urine samples collected from this laboratory. The tap-water sample was analyzed without dilution. The urine samples were diluted 50-fold with pure water before IC separation. Then, 200 μL portions of the sample solutions were injected into the IC-ICP-MS system for the determination of I and Br. This method has also been applied to determine the species of I and Br in an NIST RM 8435 whole-milk powder reference material and a seaweed sample obtained locally. A microwaveassisted extraction procedure was used for the extraction of I and Br species from the milk powder and seaweed, in which a Star system 2 (CEM, Matthews, NC, USA) microwave digester was used as the extracting device. 19 Milk powder and/or seaweed samples (0.2 g) were accurately weighed into 15 mL polyethylene centrifuge tubes and 10 mL of a 10% m/v TMAH solution was added. The tube was then put into a 250-mL calibrated round-bottom open vessel (Pyrex glass) having 75 mL of water. The microwave system was programmed to maintain the water temperature at 85˚C for 3 min with a ramp time of 3 min. After microwave heating, the samples were allowed to cool, and directly centrifuged for 5 min at 3500 rpm. The supernatants of seaweed and milk powder were diluted by another 5000-fold and 2-fold, respectively, with the IC mobile phase, and then filtered through a PVDF filter (Millipore) of 0.22 μm porosity before IC separation. The concentrations of I and Br species were determined by an external calibration method based on the peak area. The spike recoveries were determined by spiking 0.2 g of samples with suitable amounts of the I and Br standard solutions, dried and then extracted by a TMAH solution. The I and Br standards spiked in seaweed were 100 μg each of the I species and 1000 μg each of the Br species; those spiked in milk powder were 20 ng each of the I species and 200 ng each of the Br species.
For determining the total concentration of I and Br, samples were digested using closed microwave digestion. To 0.2 g of a sample taken in a PTFE vessel, 4 mL of HNO3 was added. The mixture was heated inside a CEM MARS 5 (CEM, Matthews, NC, USA) microwave digester to decompose the sample. The digest was cooled, diluted and analyzed by pneumatic nebulization ICP-MS with 1 μg L −1 of rhodium as the internal standard.
Results and Discussion
Selection of ion chromatography operating conditions
In this study, a conventional pneumatic nebulizer was After an evaluation, NH4NO3 was selected as the mobile phase in this study, based on a better sensitivity of the species of interest and lower retention times.
Due to the long retention time of the I − species, several different combinations of column, type and concentration of the electrolyte, pH and flow rate of mobile phase etc., were tested to obtain the best chromatogram with respect to better separation and lower retention times. The conditions listed in Table 1 are those that yielded the best chromatogram of the various sets tested. A typical chromatogram of a solution containing 1 ng mL −1 of I − and IO3 − and 10 ng mL −1 of Br − and BrO3 − (as elements) without DRC is shown in Fig. 1 . As shown, gradient elution using NH4NO3 at pH 10 allowed the chromatographic separation of all species in less than 8 min. The high background at Br mass m/z 79 could be due to 38 Ar 40 ArH + interference, and the high background at m/z 127 could be due to a memory effect of I.
Selection of DRC conditions
Quadrupole ICP-MS instruments equipped with reaction cell and/or collision cell are known efficiently to reduce polyatomic interferences. Since ion chromatography was employed as the separation method, polyatomic ion interferences were minimized. However, the major spectral interferences arising from 38 81 Br + , respectively, need to be minimized. These interferences were alleviated using DRC. In the present study, 79 Br + was used based on a marginally higher abundance and, more importantly, a lower 38 Ar 40 ArH + background. The effects of various reaction gases, including CH4, H2 and O2, were tested in DRC to obtain interference-free measurements and the best signal-to-background ratios (S/B) for Br and I. For these studies, solutions containing 2 ng mL −1 of I, 20 ng mL −1 of Br and 15 mmol L −1 NH4NO3 were continuously introduced using conventional pneumatic nebulization; 15 mmol L −1 NH4NO3 was treated as the blank in this study. Figure 2 shows the effect of the O2, CH4 and H2 gas flow rates on Br, I and the blank signals at m/z 79 and 127. As shown, the blank signals at m/z 79 and m/z 127 were significantly suppressed when the O2 flow rate was increased. As shown in Fig. 2 , the use of H2 as the reaction gas could not reduce the blank signal at m/z 79, and also the 79 Br + signal decreased significantly with an increase of the CH4 flow rate. Moreover, as shown in Fig. 3 , the signal-tobackground ratio (S/B) of 79 Br + and 127 I + increased significantly Table 1 . when 0.6 mL min −1 O2 was used as the reactive gas. Since the reactive gases H2 and CH4 could not alleviate the spectral interferences and increase S/B effectively, after preliminary investigations, O2 was selected as the reaction gas. Other important cell parameters of the DRC system are the rejection parameters q and a. By selecting these cell parameters unwanted precursors of interfering species could be filtered out from the ion beam to eliminate any interference created in the cell by the reaction gas. The effect of the rejection parameter q (Rpq) value on the S/B was also carefully studied. From the experimental results, it was found that the Rpq setting did not affect S/B significantly. After an evaluation, an optimum Rpq setting of 0.4 was chosen for the following determinations. The Rpa value was set at 0 in this study. The terms Rpq and Rpa are as per the usual reported definitions. 20, 21 Iodine and bromine speciation A typical chromatogram of a solution containing 1 ng mL −1 of I − and IO3 − and 10 ng mL −1 of Br − and BrO3 − (as element) when ICP-MS was operated under the DRC mode is shown in Fig. 4 . Compared to the standard mode without DRC (Fig. 1) , the backgrounds of the chromatogram at m/z 79 and m/z 127 were significantly reduced. Under the optimized conditions, the following parameters were computed. The repeatability was determined using five consecutive injections of a test mixture containing 2 ng mL − . The relative standard deviations of the peak areas for these five injections were in the range of 3 -4% for the studied species. The deviations of the retention time were less than 1% for all species. Calibration curves based on the peak areas were linear (correlation coefficients were better than 0.999) for all I and Br compounds in the range tested (0.1 to 50 ng mL −1 for I and 1 to 500 ng mL −1 for Br). The detection limits were estimated from the peak height versus the concentration plot. It was based on the general definition, as the amount (or concentration) necessary to yield a net signal equal to three-times the standard deviation of the baseline signal. The detection limits were 0.002, 0.001, 0.03 and 0.04 ng mL −1 for I − , IO3 − , Br − and BrO3 − , respectively. Compared to the standard mode, the detection limits were reduced by about an order when the ICP-MS was operated under the DRC mode. The detection limits obtained in this work were better than previous results with similar techniques, possibly due to the lower background offered by DRC. [9] [10] [11] [12] [13] [14] [15] Determination of iodine and bromine species in water and urine samples
In order to prove that the system is suitable for practical analysis, a tap water and two urine samples collected from this − and BrO3 − when the DRC mode was used. Each iodine species and bromine species was present at 1 and 10 ng mL −1 , respectively. The IC and DRC conditions are given in Table 1 . Table 2 were determined by spiking the samples with 2 ng mL −1 of I − , IO3 − and 20 ng mL −1 of Br − , BrO3 − . As shown, the spike recoveries were in the range of 94 -102% for the species studied in different samples. The amounts of I and Br present in these samples were quantified by an external calibration method; the results are listed in Table 2 . The IC-ICP-MS results were compared with the total concentrations of I and Br in these samples, as shown in Table 2 . The IC-ICP-MS results show a satisfactory agreement with the total concentrations.
Determination of iodine and bromine species in seaweed and milk powder
This method has also been applied to determine various I and Br compounds in the NIST RM 8435 milk powder reference material, and seaweed purchased locally. The samples were prepared by microwave-assisted extraction with the TMAH solution used as described under the Experimental section.
A typical mass-selective chromatogram of the milk powder sample is shown in Fig. 7 . As can be seen, I
− and Br − were the major I and Br species present in this milk powder sample. The computed extraction efficiencies of the spiked standards from both seaweed and milk powder samples are given in Table 3 . As shown, the spike recoveries were in the range of 96 -101% for various I and Br species. The concentrations of the I and Br species in the extract were determined by an external calibration method. The results are given in Table 3 . The IC-ICP-MS results of the milk powder sample showed satisfactory agreement with the certified value for total elemental concentrations. Moreover, as shown in Table 3 , I − and Br − were the major I and Br species present in the seaweed sample. The IC-ICP-MS results were also compared with the total concentration of I and Br in the seaweed sample. The total concentrations of I and Br were obtained by digesting the sample and analyzing the digested sample solution by pneumatic nebulization ICP-MS. The concentration of total I and Br in the original seaweed sample was 3010 ± 120 and 801 ± 32 μg g 
Conclusion
The merits of coupling ion chromatography and ICP-MS operated under the DRC mode with conventional pneumatic nebulization for I and Br speciation have been demonstrated. The detection limits of various I and Br species obtained with this system are low enough for the I and Br speciation of many real samples without any complicated sample pretreatment. The I and Br species in milk powder and seaweed were extracted using a 10% m/v TMAH solution by microwave heating. Under these conditions, over 94% of the total I and 99% of the total Br in milk powder and seaweed were extracted. This technique gives us a fast and easy operation for the extraction of these species from sample studies. The system for separation and detection adopted in this study could provide an excellent, rapid and sensitive technique for I and Br speciation. 
